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Figure 2. . Limiting companion magnihule for signal to noise ratio (SNR) of 10 in 10' sec for a planet orbiting a star of brightness 
=5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation. Curves are shown for four telescopes as described 
in Table 1: lWST (squares), Keck (circles), Gemini with extreme adaptive optics (hiangles), and 30 m TMT (diamonds). 

Figure 3 compares the performance of the four telescopes for the study of debris and planetary disks. Reaching a 
limiting surface brightness of 100-1,000 times the brighbless of our own zodiacal cloud (a few tenths of a MJy/sr) is 
possible within 1-3" of a 5 mag star. Much lower levels would be achievable around a fainter T Tauri star like TW Hya 
(Roberge, Weinberger, Malumuth 2005). In this case only Gemini using extreme Adaptive Optics performs comparably 
to JWST in the 1-2 pm region within 1-2". At greater separations and at longer wavelengths, JWST has important 
advantages in lookmg for disks due to the stability of its residual scattered light and low backgrounds. Finally, we note 
that the use of an optimized coronagraph in an unaberrated beam and the stability of a telescope in an L2 orbit should 
give JWST significant advantages relative to HST in looking for debris disks (Kalas et a1 2005). 

In summary, the performance models suggest that although at 1.25 and 2.2 pm large ground based telescopes equipped 
with extreme Adaptive Optics will be superior for riding faint companions within 3" of bright parent stars, JWST will 
be a powerful competitor for fainter target stars, i.e. young T Tauri stars, or at distances beyond -3". At wavelengths 
longer than 2.2 p, the natural advantages of a cold telescope above the atmosphere quickly reassert themselves 
making JWST the premier facility for findimg faint companions close to bright stars. The stability of the residual 
starlight in the NIRCAM coronagraph will make it possible to identify faint structures in protoplanetary and debris 
disks. 



Figure 3. Limiting surface brightness for signal to noise ratio (SNR) of 10 in 10' sa: for dink% emission near a star of brightness = 
5 (open symbols) or 10 mag (solid lines and symbols) as a function of separation. Curves are shown for four teleswpes as described 
in Table 1: JWST (squares), Keck (circles), Gemini with extreme adaptive optics (hiangles), and 30 m TMT (diamonds). 

3. NIRCAM CORONAGRAPH DESIGN 

3.1. NIRCAM Accomodations for Coronagraphic Elements 

The accommodations for NIRCAM high contrast imaging are well suited for the implementation of a Lyot coronagraph. 
Lyot coronagraphs use a combination of a focal plane occulter and downstream pupil stop to suppress stellar diffracted 
light. If the occulter is apodiied such that it forms a band-limited function, then the stellar diffracted light can be 
perfectly eliminated (Kucher and Traub 2003). 

At the focus after the NIRCAM pickoff mirror, there is place for an m y  of 5 occulting spot, each one supporting a 
20"x20" FOV. There is a filter wheels at a subsequent image of the pupil where there is space for two Lyot stops. The 
plate that contains the occulting spot array is outside the nominal NIRCAM FOV. To bring these into to view, there is a 
wedged-glass plate co-located with each Lyot stop. When aligned two the beam, the wedge offsets the focal-plane FOV 
to enable. While there is a single occulting spot array for the entire NIRCAM insttument, there are two Lyot stop slots 
available for both the long- and short-wave arms in each of the two cameras. 

3.2. Coronagraph Designs 
As motivated by our science analysis, there is desire to image both faint (-lo5) companion sources and extended 
objects and at sub-arcsecond inner working angles (IWA). Competing with these objectives are the realities that JWST 
presents to the instrument. With the diffracted light from a 6.5m segmented aperture, one has to compromise between 
the IWA at the longest wavelength of interest with the throughput of subsequent Lyot stop design. 

In Fig. 4, we show the m y  of occulting spots suitable for NIRCAM high contrast imaging. Within each spot we show 
the limiting imaging wavelength and identify which Lyot stop is compatible. In our m y ,  we selected 3 radial- 
sombrero2 occulting spots that have intensity transmission of the form 
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Figure 4. The NIRCAM occulter designs are shown along with the optical-filter compatibility range and Lyot stop . requirement. The Lyot stop designs are shown later in Fig. 5. 

The size of occulting spot ultimately determines the IWA. While we would Lie to make this as tight as possible, the 
resulting efficiency in the Lyot stop design becomes a worse for smaller occulters. In addition to blocking the residual 
diffracted stellar light, the Lyot stop must be desensitized to potential misalignments of the nominal pupil image. As 
can be seen in Fig. 5, this desensitization has the consequence of greatly reducing the Lyot stop efficiency. Thus the 
occulter is made larger to enable a reasonable efficiency at the cost of IWA. Given these trades, we found with F480M 
fdter (L=4.8pm *5%), the tightest practical IWA was about 1.25". This is where the occulter transmission reaches 
50%. While all other filters wiU work with this design, we also provide 1.00" and 0.75" occulting spots that enable 
smaller IWA while using filters at shorter wavelengths. These small spots work with shorter wavelength because the 
residual diffracted light at the Lyot pupil is dictated in part by the ratio of the spot size to the point-spread function. 

In addition to these three spots, we have specified two linear-sinc2 occulters with intensity transmission of the form 

As can be seen in Fig. 4, these occulters have a spatially variant width. This adds a lot of operational flexibility to tune 
the coronagraph to optimize the IWA for any filter. In Fig. 6, we show the nominal pointing objectives that provided 
the tightest IWA for each filter in the long-wave ann of NIRCAM. If the pupil image alignment error exceeds the 
expected -2.5%, these pointing objectives can be s h i i  towards the wider end of the occulter. Likewise, if the pupil 
alignment is better than expect, the pointing objectives can be shifted to tighten the IWA as much as possible. 

Figure 5. An example of the residual diffracted stellar light at the NIRCAM pupil is shown (left) along with the required Lyot stop 
designs (right) that are matched with the occulting spots shown in Fig 4. The Lyot stop designs are shown with an contour line 
overlay of the JWST pupil image. The openings in the Lyot stops are in black while the gray areas are masked out 



Figure 6. The pointing objectives that optimize the IWA per filter in the long-wave arm are shown. For a given stellar alignment, the 
coronagraph will work for all filters shorter than and including the one shown in the figure. 

4. HIGH CONTRAST IMAGING PERFORMANCE OF THE NIRCAM CORONGRAPH 

While the coronagraphs are well designed to eliminate the diffracted light from the JWST aperture, there is high level of 
scattered light caused by the optical aberrations. The wavefront error (WFE) in JWST will result from residual 
misalignments of the hexagonal segments and the secondary mirror as well as in the segment figure and surface quality 
that is achieved during polishing. In Fig. 7 we show an example realization of WFE that is consistent with the error 
budget for the telescope optics. We do not include the WFE allocated to NIRCAM in this analysis because the 
coronagraph suppressed the starlight before these errors are encountered. Also shown is the nominal imaging contrast 
that is obtainable without and with the 1.25" radial-sombrero2 coronagraph using the F480M filter. Contrast is defined 
as the integrated scattered light in a diffraction-limited resolution spot, normalized by the coronagraph mask throughput, 
and divided by the light from the star that would he present without a coronagraph mask (Green & Shaklan 2003). 

In Fig. 8, we show 3-0 contrast overbounds to the azimuthally averaged contrast for nominal imaging performance as 
well as the coronagraphic performance with three states of WFE. These states represent the expected operational WFE 
(11 lnm rms) as well as states half the segment misalignments (87nm rms) and with just the segment fabrication errors 
(3 lnm rms). In this figure we also show the performance of hard-edged occulter with an equivalent IWA. Even in the 
presence of substantial WEE, Using an apodized occulting spot facilitates a tighter IWA while reducing the residual 
starlight in the focal-plane by a factor 10. 
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Figure 7: An example of the expected operational telescope wavefront error is shown (let?) along with the imaging contrast one 
obtains without and with a coronagraph. 



Figure 8. 3-0 contrast over bounds to the azimuthally averaged contrast are shown for both the nominal (non-coronagraphic) 
imaging performance as well as for the coronagraphic imaging performance with three different states of WFE. The curves on the let? 
represent the performance of the 1.25" radial-sombreroz occulter with the F480M filter. The curves on the right show thc 
performance of a hard-edged radial-disk occulter. 

Ultimately, we are interested in detecting sources that are fainter than the residual scattered light cause by the WFE. 
JWST will present images that posses very stable speckle patterns that may be calibrated out to an extent. The 
potential approaches include simple schemes such as roll-and-subtract imaging and calibration star subtraction to 
complex schemes where the speckles are estimates though post-coronagraph wavefront sensing that uses the NlRCAM 
pupil imaging mode (Green et. al. 2005). Here, we consider a multi-color image subtraction scheme. In Fig. 9, we 
show two images taken through the 1.25" radial-sombrero2 occulter using the F356M and F390M filters. To  suppress 
the speckles while leaving any potential companions intact, we combine the images as 

d v ( ~ , y ) = i m g , ( x , ~ ) -  (4) 

where hl=3.56~m and &=3.90pm. This difference images, also shown in Fig. 9, nicely reveals the 1 x 1 0 ~  point source 
at a 0.75" separation. Additionally, the 1 . 5 ~ 1 0 . ~  sidelobes to the companion PSF are also quite visible. This simple 
subtraction technique suppressed the stellar speckles by a factor of 5-10. 

Figure 9. Example of multicolor image subtraction is shown. The images on the let? show the residual scattered starlight along with 
a lo4 companion at 0.75". The images have been processed to normalize out the 1.25" radial occulter transmission function. After 
the F390M is appropriately rescaled and resampled it is subtracted off from the F356M image to yield the image on the right. 



5. CLOSING REMARKS 

J WST will be the premier facility for conducting coronagraphic searches for planets and protoplanetary disks in the 3- 
5pm range. As we have shown, the array of occulting spots in NIKCAM can provide a great range of operational 
flexibility to optimize the science return. While we have shown a method for speckle subtraction ala speckle 
deconvo\ution, there remains other potential scheme that may offer significant advantages. In particular, we plan to 
explore wavefront sensing based schemes that may enable better speckle subtraction in the presence of extended objects 
(debris disks, jets ect.). We will also looks at ways of employing more efficient Lyot stops. This would require using 
the actuated pickoff mirror in NIRCAM to better align the pupil image to the Lyot stops. The more efficient Lyot stops 
would potentially offer the ability to conduct deeper searches faint companions close to bright stars. 
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